ABSTRACT: The sexual reproduction of Zostera noltii in the Ria Formosa lagoon (southern Portugal) was assessed by quantifying the variation in both flowering effort and evolution of maturation stages during the fertile season. The effects of clam harvesting on the sexual reproduction of Z. noltii were investigated using both descriptive and experimental approaches. Meadows disturbed by clam harvesting were compared with undisturbed meadows in 2 sectors of the lagoon. In both sectors, disturbed meadows showed significantly lower vegetative shoot density and significantly higher reproductive effort. The reproductive effort in the western disturbed meadows was 2-fold higher than in undisturbed meadows, whereas in eastern disturbed meadows it was 4-fold higher. In disturbed meadows, early maturation stages were found until the end of the flowering season and higher seed production was observed. Both the negative effect of clam harvesting on Z. noltii density and the positive effect on its reproductive effort were confirmed by manipulative field experiments. Plots that were experimentally harvested during the fertile season showed significantly lower vegetative shoot density and higher reproductive effort than unharvested plots. Results suggest that Z. noltii responds to clam harvesting disturbance by both increasing its reproductive effort and extending its fertile season. 
INTRODUCTION
Seagrass meadows are important marine habitats, providing food and shelter for a large number of species, and nursery areas for some commercially important fish and shellfish species (Den Hartog 1970 , Hemminga & Duarte 2000 . Seagrasses play essential roles in improving coastal water quality, stabilizing sediments, recycling nutrients, and increasing biodiversity (Hemminga & Duarte 2000) . Seagrass beds are recognized as one of the world's natural ecosystems with the highest economic value (Costanza et al. 1997) . Disturbance and loss of seagrass habitat have been reported worldwide. Even though some of the declines may result from natural causes, more than 70% of reported declines are attributed to human-induced disturbances (Short & Wyllie-Echeverria 1996) related to eutrophication or toxic pollutants. Seagrass meadows are also often damaged by mechanical action related to dredging (Onuf 1994) , boat activities such as mooring and propeller scars (Zieman 1976 , Walker et al. 1989 , Dawes et al. 1997 , Creed & Amado Filho 1999 , fishing practices (Fonseca et al. 1984 , De Jonge & De Jong 1992 , Everett et al. 1995 , Boese 2002 , Neckles et al. 2005 , Uhrin et al. 2005 ) and trampling (Eckrich & Holmquist 2000) . Mechanical disturbances affect seagrass beds primarily by removing plants, which reduce biomass and has the potential to alter the physical environment.
Certain fishing practices have been shown to reduce seagrass cover (De Jonge & De Jong 1992 , Everett et al. 1995 , Boese 2002 , particularly in shallow estuaries and tidal lagoons. Commercial clam harvesting is a traditional and economically important activity in the Ria Formosa tidal lagoon (southern Portugal), representing more than 90% of national clam production (Direcção Regional das Pescas e Aquicultura do Sul pers. comm.). Every day at low tide, clam harvesters dig up intertidal sediments dominated by the seagrass Zostera noltii, using a hand-blade, which breaks and removes the shoots and rhizomes of plants.
Seagrasses, such as Zostera noltii, colonize space mainly by vegetative growth (Hemminga & Duarte 2000) . However, recently developed genetic tools (Coyer et al. 2004) have shown that the proportion of Z. noltii shoots originating from seeds can be as high as 90% in some meadows (Diekmann et al. 2005) , indicating that sexual reproduction can be extremely important in space occupation. Under intense and persistent disturbance, vegetative development may be insufficient to sustain meadows. In this case, the ability to reproduce sexually through flowering and seed development may play a crucial role in the maintenance of meadows. Disturbances, namely burial derived from storms and subaqueous dune migration, increase flowering in the seagrasses Thalassia testudinum (Gallegos et al. 1992 ) and in Cymodocea nodosa (Marbà & Duarte 1995) .
This study describes temporal variation of sexual reproduction in Zostera noltii in the Ria Formosa throughout the fertile season and investigates the effects of clam harvesting on reproductive effort. This objective was assessed using 2 approaches: (1) comparing the development of flowers and fruits and the maximum reproductive effort of Z. noltii in natural meadows under contrasting levels of disturbance by clam harvesting; and (2) testing the effects of experimental clam harvesting on the reproductive effort of Z. noltii. To assess the evolution of flowering and fruiting during the fertile season, a maturation scale was developed and temporal variation of the frequency distribution of maturation stages was determined.
MATERIALS AND METHODS
Study site. Ria Formosa is a mesotidal lagoon, separated from the ocean by a system of 5 sand barrier islands and 6 inlets, which extend for about 55 km along the south coast of Portugal (Fig. 1) . Average water depth is less than 2 m and tidal amplitudes range from 3.50 m on spring tides to 1.30 m on neap tides. As a result, most of the system is exposed at low tide. Bare sediment communities and meadows of the seagrass Zostera noltii occupy the lower intertidal flats.
Maturation scale. A maturation scale was first developed to better understand the developmental stages of the flowers during the flowering season. Flowering shoots were collected from an undisturbed meadow, from the beginning of flowering until it ended. The morphological features of the developmental stages of the flowers were observed in the laboratory using a magnifying lens.
Reproductive outputs. The temporal variation of Zostera noltii flowering effort during the fertile season was evaluated. Cores (12 cm diameter; n = 5) of Z. noltii were randomly collected biweekly in an undisturbed meadow, from the beginning of the flowering season, in June, until no more seed-bearing spathes were found (early November). The percentage of flowering shoots, the number of spathes per flowering shoot, the number of female and male flowers (1 male flower = 2 thecae) per spathe, the sex ratio, and the reproductive effort were recorded. The number of male and female flowers was counted only in spathes of Stages I and II, because in Stage III some male flowers that had released pollen might have fallen off at the time of sampling.
Effects of clam harvesting. Descriptive study: Two sectors in the Ria Formosa lagoon were considered for this study (Fig. 1) : a western sector, where most of the intertidal meadows are easily accessed by the general public, and a less accessible eastern sector, with a great number of private concessions for clam culture. In the western sector, meadows of Zostera noltii are disturbed every day by a large number of private clam harvesters, particularly during the summer months. In contrast, most of the meadows of the eastern sector are less available to people, as they are only accessible by boat. The large number of private concessions also discourages incidental clam harvesting. Anecdotal evidence thus suggests that clam harvest disturbance is lower in the eastern sector than in the western sector.
In each sector, 2 sampling sites were selected: an easily accessible meadow where daily clam harvesting activity occured and a meadow with no clam harvest impact. The 4 sites were sampled biweekly from the beginning of the flowering season, in June, until no more seed-bearing spathes were found (early November). At each site, 5 replicate cores (12 cm diameter) of Zostera noltii were randomly collected. Sampling did not occur on a few particular dates due to logistical problems and thus the number of replicates was not constant through time.
In the laboratory, each core was processed to obtain the density of both vegetative and reproductive shoots. The shoots were dried for 48 h at 60°C and were weighed to determine above-ground biomass. The reproductive effort of Zostera noltii was calculated as the ratio of the dry weight of the reproductive shoots to the total above-ground plant dry weight × 100, i.e. the proportion of total shoot biomass allocated to sexual reproduction (Auby & Labourg 1996 , Kaldy & Dunton 2000 .
A 2-way analysis of variance was used to test significant effects (p < 0.05) of disturbance level and sector on vegetative shoot density. Significant effects (p < 0.05) of disturbance level on reproductive effort were tested in both sectors using a Z-test for proportions (Zar 1999) .
Experimental study: Twelve 1 m 2 plots (6 treatments and 6 controls) were randomly placed in an undisturbed Zostera noltii meadow. The meadow was located in a concession area for clam culture, which assured that no unknown clam harvest occurred in the experimental plots. The experimental treatment consisted of disturbing the plots using the same metal hand blade employed by local harvesters to remove clams. The sediment and the plants were cut to approximately 10 cm depth and tilled, exposing the plant rhizomes and roots. After experimental disturbance, plots were sampled monthly until the end of the fertile season. During sampling, each plot was divided into 25, 20 × 20 cm, quadrats. Five quadrats were randomly selected in each plot. In the centre of each quadrat, a core (12 cm diameter) was taken and the plant material within the core was extracted. Quadrat coordinates were recorded to assure that future cores were not collected in the same quadrat. In the laboratory, each core was processed as previously described.
There is a possibility that this experimental design generated a disturbance on the neighbouring rhizomes that were longer than 8 cm, the distance between 2 adjacent cores, which corresponded to about 3 internodes. However, it is unlikely that the plants with more than 3 internodes were affected by the cuts. Cabaço et al. (2005, this volume) showed that the experimental shoot fragmentation at different positions along the rhizome had a significant effect on plant survival, rhizome growth and production only when the apical shoot was cut off. Even if there was an effect of cutting the rhizome at the third internode on the reproductive effort of Zostera noltii, the additional cutting resulting from the core collections may have introduced a low level of treatment in the control sampling units. This would decrease the power of detecting the clam harvest effect on the reproductive effort.
A 2-way analysis of variance was used to test significant effects (p < 0.05) of treatment and sampling date for vegetative shoot density. Significant effects (p < 0.05) of treatment and sampling date for reproductive effort were tested for proportions using a Z-test (Zar 1999) .
RESULTS

Maturation scale
The main morphological features of the developmental stages of flowering and fruiting were classified and organized into a maturation scale (Table 1) . Developmental Stages I to IV concern the flowering and pollination phases whereas Stage V concerns the fruiting phase. Stage V was further divided based on the level of maturity of the fruits within the spathe, which was assessed based on their size and colour. Evolution of the frequency distribution of the maturation stages during the fertile season was determined. Within the same spathe there may have been fruits in early stages and fully developed seeds. In those cases, the most advanced stage of maturity was considered. 
Reproductive outputs
The fertile season of Zostera noltii in the Ria Formosa extended from March/April to October/November, with the most intensive flowering from late June to August. Observations made in the year after this study indicate slight variations in the length of the fertile period, with the first flowers developing in late April and persisting until early October. In sandy meadows near the Ancão inlet (Fig. 1) , flowers were observed to last until December.
There was no clear temporal pattern in the percentage of flowering shoots during the fertile season (Table 2) . On the other hand, the number of spathes per flowering shoot increased to a maximum of 4.3 ± 0.48 in early July and decreased to 1.3 ± 0.24 in mid-September. No significant variation pattern was found in the ratio (slightly higher than 1) of male to female flowers during the flowering period (Table 2) . In each inflorescence, there was a mean of 4.1 ± 0.14 male flowers to 3.5 ± 0.13 female flowers. Zostera noltii reached maximum reproductive effort of 1.85 ± 1.14% in August (Table 2) .
Temporal variation in frequency of each maturation stage of Zostera noltii in the Ria Formosa is shown in Fig. 2 (eastern sector) and Fig. 3 (western sector). The presence of early stages throughout the flowering season, from June to September indicates continuous production of flowers. In both sectors, early flower developmental stages shifted to later stages as the flowering season advanced. In June, the earlier stages were predominant, but from July onwards the later stages were more abundant. This pattern was less clear in the disturbed meadows. In the undisturbed meadows the earlier stages disappeared from September onwards, whereas in the disturbed meadow all the stages remained present until the end of the flowering season. Moreover, inflorescences at Stage V were in higher numbers in the disturbed meadows than in the undisturbed ones.
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Effects of clam harvest
Descriptive study
The average density of Zostera noltii shoots during the flowering season in the eastern sector of the Ria Formosa was significantly higher than in the western sector (p < 0.001). In both sectors, densities in the disturbed meadows were significantly lower (p < 0.001) than in undisturbed meadows (Fig. 4) . No significant interaction between sector and disturbance level was found (p = 0.779). In the western sector, shoot density in the disturbed meadow ranged from 796 to 7343 shoots m -2 and 3539 to 13 366 shoots m -2 in the undisturbed meadow. In the eastern sector, shoot density in the disturbed meadow ranged from 978 to 10 106 m -2 and 4600 to 13 773 shoots m -2 in the control meadow.
The reproductive effort of Zostera noltii was significantly higher (p < 0.05) in disturbed meadows than in undisturbed meadows of both sectors (Fig. 5) . In the western sector the reproductive effort of the disturbed meadow was 2-fold higher whereas in the eastern sector it was 4-fold higher. There were no significant differences (p > 0.05) in the reproductive effort in undisturbed meadows between sectors, but the reproductive effort was significantly higher (p < 0.05) in the eastern disturbed site than in the western disturbed site. Experimental clam harvest had a negative impact on shoot densities of Zostera noltii. Even though there were no significant differences between treatment and control plots 1 mo after the beginning of the experiment (August 2002), in subsequent months (September and October 2002) shoot densities in the harvested plots were significantly lower (p < 0.001; Fig. 6 ). One year after the experiment (August 2003), no significant differences were detected in shoot densities between controls and treatments. No significant interactions were found between treatment and sampling dates (p = 0.393).
There were no significant differences (p > 0.05) in the reproductive effort of Zostera noltii between control and treatment plots in August 2002, 1 mo after the treatment (Fig. 7) . In all subsequent sampling dates, reproductive effort was significantly higher (p < 0.05) in disturbed plots. Even though the reproductive effort decreased in the controls from August to September as the fertile season was ending, the reproductive effort in treatment plots increased significantly. In October 2002, no more flowers were found in either controls or treatments.
DISCUSSION
The fertile season of Zostera noltii observed in the Ria Formosa was longer than reported at other geographic locations. Flowers at the Ria Formosa first appeared at the beginning of March and lasted until November, while the flowering season in the Netherlands is from late June to October and lasts from May to late August in the Mediterranean (Loques et al. 1988 , Curiel et al. 1996 . Water temperature, photoperiod, and salinity have been indicated as factors controlling flowering in seagrasses (Loques et al. 1988 , Ramage & Schiel 1999 . In the Ria Formosa, the flowering of Z. noltii may have been triggered by an increase in water temperature and photoperiod at the onset of spring, while the end of the flowering season coincided with the first heavy rainfalls that occurred in the autumn (authors' pers. obs.). Although the rain does not affect the salinity of the lagoon, there is possibly some direct osmotic stress when the flowers are emerged during low tide. Observations made in sandy areas near the Ancão inlet, where the flowering season lasted until December, support other observations that the Z. noltii flowering season lasts longer in sandy sediments of recently colonized meadows (Auby & Labourg 1996 , Curiel et al. 1996 . Sediment composition may thus be an additional environmental factor, controlling flowering.
The developmental stages of the flowers and fruits of Zostera noltii in the Ria Formosa and the number of spathes per flowering shoot are nearly identical to those reported by Loques et al. (1988) (4.0 ± 1.0 in midJune and 5.4 ± 1.0 in mid-August) in spite of the geographic and tidal regime differences. In the Mediterranean, Z. noltii develops in the subtidal, whereas at the Ria Formosa, meadows are completely emergent at low tide. On the other hand, the percentage of flowering shoots seems to vary widely with geographic location. In the Ria Formosa, percentages varied from 1.16 ± 0.65 to 3.60 ± 2.47%, while Hootsmans et al. (1987) reported values ranging from 1.3 to 9.1% in the Netherlands and a value of 7.3% was reported for the Adriatic sea (Curiel et al. 1996) . In spite of the lower percentage of flowering shoots recorded for Z. noltii in the Ria Formosa, total reproductive output may not be lower than in other locations as the number of spathes per flowering shoot and the length of the flowering period are among the highest reported for this species. The results obtained in this study clearly indicate an adverse effect of clam harvesting on the density of Zostera noltii, as shown by the lower vegetative shoot densities observed in disturbed meadows in both the western and eastern sectors of the Ria Formosa. The lower shoot density and reproductive effort of the western meadows in comparison to the eastern meadows is probably related to a higher human presence. This sector of the Ria Formosa is easily utilized by a large number of visitors, particularly during summer, who trample the meadows and indiscriminately harvest clams and molluscs, which may contribute secondarily to the observed differences. Negative effects of human trampling on seagrass cover, shoot density, and rhizome biomass, have been reported by Eckrich & Holmquist (2000) for the seagrass Thalassia testudinum, as well as in other plant communities (Monz 2002) .
The negative effects of clam harvest disturbance were quite evident in the field immediately after the treatment. The meadow appeared highly tilled and the evidence of tilling persisted 1 mo after the treatment was applied, i.e. sediment mounds were still present on top of the plants. However, the first sign of decreasing densities was only detected 2 mo after the treatment. This is probably due to the fact that shoots damaged by the treatment remained half-buried in the sediment, so that they were included in the first sampling. The sediments mounds were flattened 2 mo after the treatment and so the tidal currents had probably already carried the damaged shoots away.
Since these disturbances (clam harvest and trampling) are frequent and persistent in the Ria Formosa lagoon, particularly in the western sector, the disturbed meadows cannot recover to sustain the high vegetative shoot densities characteristic of the undisturbed meadows. If the disturbance ceased, the Zostera noltii meadows should recover to initial density values, as suggested by our results and those of others (Boese 2002). Nevertheless, disturbance intensity appears to be high in both western and eastern disturbed sites, since these meadows were unable to recover or maintain the shoot densities observed in control sites.
Vegetative shoot densities returned to pre-treatment levels after 1 yr, which reveals the great capacity of this species to recover from clam harvest through vegetative development. Zostera noltii has been described as a fast growing species with rapid vegetative recruitment and consequently high recovery rate , Laugier 1999 , Peralta 2000 . However, recovery depends not only on species biology but also on the intensity and frequency of disturbance (Curiel et al. 1996 , Peterken & Conacher 1997 . When disturbance intensity is such that rhizomes and roots are completely removed from the sediment, recovery of the meadows becomes jeopardized, resulting in significant seagrass loss (De Jonge & De Jong 1992) . The frequency of disturbance in this experimental study was lower than that observed during daily clam harvest as the treatment was applied only once at the beginning of the experiment. Moreover, shoots were not totally removed from the sediment. Thus, such observed recoveries are not expected in meadows sustaining daily clam harvesting or in meadows in which the plants are completely removed from the sediment, as is often the case in areas of the Ria Formosa coastal lagoon.
Zostera noltii responded to clam harvest disturbance by increasing its sexual reproductive investment and extending the fertile season to produce more flowering shoots. Other studies have shown the stimulating effect of different types of disturbance on the sexual reproduction of aquatic plants, such as sand burial (Gallegos et al. 1992 , Marbà & Duarte 1995 , plant clipping (Crosslé & Brock 2002) , oil spills (Jacobs 1982) , sediment anoxia (Plus et al. 2003) and light limitation (Van Lent & Verschuure 1994) , suggesting that plants invest in a high reproductive effort in order to survive in disturbed environments. Theoretical developments also show that annual plants can evolve varied strategies of reproductive timing under unpredictable disturbances by spreading reproduction events over large intervals (Satake et al. 2001 ).
In conclusion, the clam harvest activity significantly decreased the density of Zostera noltii, increasing the fragmentation of the meadows. The shoot density significantly decreased even in meadows where disturbance was less frequent and intense, as observed in the eastern sector meadows of the Ria Formosa. Z. noltii increased its reproductive effort and extended its fertile season as a response to clam harvesting. This effect extended to the next year following manipulations even though densities had returned to control levels suggesting that density is not the main controlling factor of reproductive effort.
